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IMPACT DAMAGE RESISTANCE AND RESIDUAL PROPERTY 
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Abstract: The impact damage resistance and residual mechanical properties of [0/±45/90] s SCS- 
6/Timetal®21S composites were evaluated. Both quasi-static indentation and drop- weight impact 
tests were used to investigate the impact behavior at two nominal energy levels (5.5 and 8.4 J) and 
determine the onset of internal damage. Through x-ray inspection, the extent of internal damage 
was characterized non-destructively. The composite strength and constant amplitude fatigue 
response were evaluated to assess the effects of the sustained damage. Scanning electron 
microscopy was used to characterize internal damage from impact in comparison to damage that 
occurs during mechanical loading alone. The effect of stacking sequence was examined by using 
specimens with the long dimension of the specimen both parallel (longitudinal) and perpendicular 
(transverse) to the 0° fiber direction. Damage in the form of longitudinal and transverse cracking 
occurred in all longitudinal specimens tested at energies greater than 6.3 J. Similar results occurred 
in the transverse specimens tested above 5.4 J. Initial load drop, characteristic of the onset of 
damage, occurred on average at 6.3 J in longitudinal specimens and at 5.0 J in transverse 
specimens. X-ray analysis showed broken fibers in the impacted region in specimens tested at the 
higher impact energies. At low impact energies, visible matrix cracking may occur, but broken 
fibers may not. Matrix cracking was noted along fiber swims and it appeared to depend on the 
surface quality of composite. At low impact energies, little damage has been incurred by the 
composite and the residual strength and residual life is not greatly reduced as compared to an 
undamaged composite. At higher impact energies, more damage occurred and a greater effect of 
the impact damage was observed. 
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INTRODUCTION 


Titanium matrix composites (TMC’s) have been candidate materials for high temperature 
structural applications, such as gas turbine engines, where their high specific strength at elevated 
temperatures and good general corrosion resistance are beneficial. These materials provide a 
strong, lightweight alternative to conventional structural alloys due to their ability to maintain 
mechanical integrity at elevated temperature [1]. Much research has been conducted on the 
mechanical behavior of TMC's under various types of thermal, mechanical and combined 
thermomechanical loadings as well as on the various influences of notches and holes [2-7]. 

However, another critical aspect of the service conditions has received little attention: impact 
loading. Considerable damage may result from a seemingly innocuous event such as a dropped 
tool. Characte rizin g a material's residual properties after impact should be considered in the 
component design process. 

Although several studies have been conducted on polymeric composites [8-1 1], few studies 
exist on the impact behavior of continuous fiber metal matrix composites (MMC's). Those studies 
that do exist are primarily focused on boron fiber reinforced aluminum composites for turbine 
blade applications. Impact tests on undirectional boron-aluminum composites have shown a 
considerable reduction in residual strength can occur from low velocity (low energy) impact with a 
hard object Carlisle et al. noted a 25% reduction in residual strength at the lowest impact velocity 
used in the study [12]. When residual fatigue of the boron/aluminum composites was considered, 
at the slowest test velocity. Gray found the fatigue life was reduced by an order of magnitude [13]. 

In both studies, the residual properties continued to decrease as impact velocity, and consequently 
impact energy, increased. Comparisons to unreinforced titanium alloys in the previously 
mentioned studies showed the boron/aluminum composites to be less damage resistant and less 
damage tolerant than the monolithic material. 

Similar impact studies conducted on polymer matrix composites (PMC's) show distinctive 
differences in the damage mechanisms occuring in these materials as compared to MMC's 
(delamination versus fiber/matrix cracking); however, some general trends of the PMC behavior may 
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apply to MMC's. Greszczuk found cross ply laminates resist impact damage better than 
undirectional or psuedoisotropic laminates [11] when investigating PMC's. Another trend noted in 
Greszczuk's study was that damage resistance increased when a stronger matrix material is used. 
Since the strength of a metal can be varied easily through heat treatment, this effect could apply to 
MMC's. The differences in damage resistance occuring in PMC's due to variations in laminate layup 
and constituent elastic properties may also apply to MMC's. 

In this study the impact resistance and residual mechanical properties of quasi-isotropic 
SCS-6/Timetal®2 1 S composites is evaluated. The onset of internal damage is described in terms 
of impact energy. Residual strength and residual fatigue tests were conducted at room temperature 
and the results are compared to those of non-impacted materials. The influence of prior impact on 
fracture behavior and damage acculumation is also examined. 

MATERIALS AND PROCESSING 

The SCS-6/Timetal®21S composites tested were manufactured into [0/±45/90]s quasi- 
isotropic laminates by hot isostatically pressing thin foils of Ti-15Mo-3Nb-3Al-0.2Si (Timetal® 

2 IS) between unidirectional tapes of SCS-6 silicon carbide fibers. Hie 0.14 mm diameter fibers 
were held in place by crosswoven Ti-Nb wires. Several laminates of varying thicknesses between 
between 1.70 to 1.88 mm were used in this study. Several sections were examined to determine 
any variation in fiber spacing and the average fiber volume fraction. Of the laminates examined, 
those with the smaller nominal thickness showed a greater variation in fiber spacing. The average 
fiber volume fraction for the laminates ranged from 0.348 to 0.357. Figure 1 displays 
photomicrographs of the polished cross sections of two laminates. As shown, the average fiber 
spacing (0.216 mm) did not vary greatly in the thicker panels (Figure la), whereas there is a much 
greater variation in thin panels (Figure lb). 

Of the various laminated sheets from which specimens were manufactured many variations 
in quality occur, both internally and on the exterior surfaces of the sheets. The photograph and 
radiograph of two different specimens in Figure 2 illustrates some of these defects. Fiber swim 
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describes the waviness in the fibers as indicated in the figure. Fish eyes are areas where the fibers 
separate and rejoin, forming a gap. Both of these defects contribute to non-unifrom fiber spacing 
throughout the composite. The laminates were examined prior to machining to determine the best 
arrangement to use to machine the impact specimens to avoid placing theses defects in the center of 
a specimen. However, the defects could not be avoided altogether. 

The 152 mm X 102 mm impact specimens were machined using a diamond-impregnated 
abrasive cutting wheel. The long dimension of the panel was oriented both parallel and 
prependicular to the 0° fiber direction, yielding two different panel designations and layups: the 
original [0/±45/90]s are the longitudinal specimens and the 90° rotated orientation yields a 
[90/±45/0]s layup for the transverse specimens. By varying the panel orientation, the effects of 
stacking sequence on mechanical behavior could be examined. Prior to heat treating, specimens 
were degreased and chemically cleaned using a diluted mixture of hydrofluic and nitric acid 
followed by a dilute hydrochloric acid wash. The specimens were then subjected to a p- 
stabilization heat treatment consisting of an eight hour soak in vacuum at 620° C to prevent a 
precipitation during future elevated temperature testing [14]. All specimens were examined 
radiographically and by ultrasonic C-scan both prior to and after impact testing to assess the 
damage state of the specimens. The results will be discussed in a later section. 

After the impact tests were completed, 152 mm X 25.4 mm specimens were machined from 
the damaged panels for residual property evaluation. The entire impact area was contained within 
the cross sectional area of these specimens. Some permenant bending deformation may have 
occured in some specimens due to the impact event. Strain gages were applied to the back and 
front surface of these specimens along the centerline to determine the magnitude of the initial 
bending stress applied when the specimens straightens during placement in the grips of the testing 
machine. Several other 152 mm X 12.5 mm specimens were machined from the edges of the 
panels for use in baseline tension and constant amplitude fatigue studies. End tabs were applied to 
all specimens with cyanoacrylate adhesive to reduce the gripping stress and prevent specimen 
failure in the grip sections. Table 1 describes the residual property test matrix used in the study. 
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EXPERIMENTAL PROCEDURE 

Impact Tests 

Two different test methods were employed to assess the damage resistance of the TMC's: 
quasi-static indentation (QSI) and drop- weight impact (DWI) [8]. Two impact energies, 5.4 J (4.0 
ft-lbf) and 8.4 J (6.2 ft-lbf) were recommended by industry as energies typical of tool drops. The 
QSI tests were performed using a servo-hydraulic test frame at a constant displacement rate of 0.5 1 
mm/min. During testing the specimens were clamped firmly in an aluminum test fixture that 
contained a 127 mm by 76.2 mm opening with comer radii of 12.7 mm. An instrumented tup 
attached to a 12.7 mm diameter hemispherical indenter was used to measure load. The tup was 
mounted in the grips of the load frame such that the indenter traveled normal to the plane of the 
specimen. The indentation load and stroke output were recorded at a rate of one data point per 
second throughout the loading history using a digital storage oscilloscope. 

Drop-weight impact tests were conducted using the same instrumented tup and test fixture 
as in QSI tests, resulting in the same plate boundary conditions. The total free falling mass of the 
indentor, tup and steel weight was 3.03 kg. The impactor was centered above the panel at the 
required height to impart the desired impact energy. After the impactor struck the specimen, a 
dummy panel was quickly moved between the fixture and specimen to prevent multiple impacts. 
The impact force-time history was then recorded in real time using a digital storage oscilloscope. 

Residual Property Tests 

The room temperature tension and constant amplitude fatigue tests were conducted in a 100 
kN closed loop servo-hydraulic test frame equipped with hydraulic grips. A 7 MPa gripping 
pressure was used in all tests. Tension tests were conducted in stroke control at a rate of 1.27 
mm/min. Constant amplitude fatigue tests were conducted in load control using a sinesoidal 
waveform at a frequency of 1 Hz and an R-ratio of 0.1. The bending stress induced when 
gripping the damaged specimens was measured using 350 Q electrical resistance strain gages 
mounted to the front and back face of the specimens, oriented longitudinally and transversely with 
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respect to the gage length, and positioned 25.4 mm above and below the damage area. The 
measured st rains were small in comparison to the applied loads and did not appear to influence the 
results greatly. Axial strain during loading was measured using a strain gage extensometer with a 
25.4 mm gage section. Baseline data for both tension tests and constant amplitude fatigue tests 
were generated by testing the undamaged coupons cut from the edges of the impact panels. 

RESULTS AND DISCUSSION 

Impact Damage Resistance 

The impact damage resistance of the TMC's was evaluated by examining the force versus 
displacement response of the panels when subjected to both quasi-static indentation (QSI) and 
drop-weight impacts (DWI). The energy applied during loading was calculated by integrating the 
force versus displacement curves. Two nominal impact energies, 5.4 J and 8.4 J, were sought 
throughout the study when comparing results since slight variations occur in the impact energy for 
each individual panel tested. Figures 3 and 4 compare the TMC's response to QSI and DWI tests 
at 8.4 J for longitudinal and transverse specimens, respectively. The oscillation in the force- 
displacement response of the DWI test is due to vibrations that occur as the incident wave reflects 
off the clamped plate boundaries. The vibration is inherent in the test method [8]. The response of 
the TMC's to both types of tests was similar: as the contact force on the panel increases, the 
displacement of the panel increases, and subsequently, the applied energy increases. If the contact 
force is increased enough, strain will accumulate in the composite until reaching the fiber failure 
strain wherein the fibers break. When this occurs the contact force decreases rapidly since the 
dominant load carrying component of the composite is damaged. Matrix cracking usually proceeds 
fiber failure as shown in past studies on the mechanical response of TMC's [2-4]. Since there was 
no significant difference between the force-displacement response of the panels subjected to QSI or 
DWI, the QSI was determined to be the best method of testing the impact resistance. This method 
provided a repeatable test that allowed the contact force to be increased slowly, thereby permitting 
the test to be interrupted periodically to examine the specimen to determine if any damage was visible. 
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The impact results for all the longitudinal and transverse specimens show the mean value of 
the first load drop occurs at 4.5 kN. The first load drop indicates that damage has occurred and are 
identified on Figures 3-5. The mean applied energy corresponding to this mean load drop is 6.3 J 
and 5.0 J for the longitudinal and transverse specimens, respectively. The difference in applied 
energy at initial load drop may be due in part to the variation in the bending stiffnesses of the two 
different stacking sequences. Figure 5 compares a typical response for a longitudinal and a 
transverse specimen subjected to a nominal 8.4 J QSI. The transverse specimen is stiffer in 
bending since the fibers in the outer ply span the short dimension of the rectangular plate during 
loading. As shown in Figure 4, in order to produce the same amount of deflection of the plate, a 
greater force must be applied to the transverse specimens. Although there is a difference in the 
energy at the first load drop, it is within the statistical variation of the test results. Figure 6 is a 
histogram displaying the mean energy associated with the first load drop as well as the maximum 
and minimum values for each specimen orientation. The numbers above the bars indicate the 
number of specimens used to determine the mean while the error bars represent one standard 
deviation above and below the mean. The range of energies for both orientations overlap. Since 
there were several composite sheets from which specimens were made, all having slight 
differences in the surface quality, degree of fiber swim and in other manufacturing anomolies, the 
resulting variations in mechanical response would be expected. 

When examining the panels tested at the lower energy levels, a few displayed matrix 
cracks; however, x-rays did not show internal fiber breaks occurring. All the longitudinal panels 
tested showed internal damage when subjected to a forces greater than 4.1 kN or at energies above 
5.6 J. Similar results are obtained for the transverse panels for forces greater than 3.6 kN or at 3.9 
J. The matrix cracking on the backface of the panels tested at low energies (lower than the mean 
energy associated with the first load drop) indicates that the appearance of visible damage does not 
give a clear indication of the true damage state of the material. Matrix cracking on the surface does 
not imply fiber breakage in the interior. Although, at higher energies, when fibers are broken, 
matrix cracking also occurs. The development of matrix cracks prior to the first load drop in the 
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force-displacement response suggests that the first load drop is characteristic of fiber damage 
occuring within the composite and not due to the matrix cracking. 

Damage Assessment 

Damage varied greatly in both specimen orientations depending on the impact energy. 
Longitudinal and transverse matrix cracks and broken fibers were found at the higher impact 
energies. Crack lengths were measured on the surface of the specimens and from radiographs. 
The exterior surface cracks were in general longer than those shown on the radiographs. Table 2 
shows the surface crack measurements and the interior (x-ray) crack measurements for cracks 
running in the longitudinal and transverse plate directions as a function of impact energy. There is 
a considerable amount of scatter in the data. As mentioned previously, in some of the specimens 
tested at low energies, no fiber breaks were found by radiography. The extent of the damage 
incurred by the TMC's appears to be sensitive to the quality of the laminate due to the stress 
concentrations produced by non-uniform fiber distributions. This sensitivity to manufacturing 
defects was suspected when specimens undergoing residual fatigue tests did not fail at the impact 
site. These results will be discussed in the next section. Ultrasonic C-scan inspections did not 
provide any further insight into the extent of damage due to the local permenant deformation at the 
contact site compounded by the bending deformation of the panels. The bending displacement 
caused a change in signal attenuation that could not be discerned from the attenuation due to 
internal damage. Unlike polymer matrix composites, where large delaminations occur due to 
impact [10], the C-scan doesn’t provide a method of quantifying damage in the TMC. 


Residual Pro perty Assessment 

Residual Strength -- A comparison of the results from selected tension tests on both non- 
impacted and impacted longitudinal specimens are shown in Figure 7. During the residual tension 
tests, failures occurred in the damage area for all but one specimen which failed in the grip area. 
Results for the transverse specimens were similar to those of the longitudinal specimens. From the 
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stress-strain response the initial elastic modulus, the 0.2% offset yield stress, the ultimate strength 
and the failure strain of the composites were determined and are given in Table 3. Figures 8- 1 1 are 
histograms representing the mean values of these properties as a function of nominal impact 
energy. The error bars displayed on each of these figures represent one standard deviation above 
and below the mean for each property while the numbers above each bar give the number of tests. 

Figure 8 compares the mean initial elastic moduli (Ei) of non-impacted and impacted 
materials for both specimen orientations. The elastic modulus was determined from the initial 
loading portion of the curve prior to the knee that occurs at approximately 200 MPa. The elastic 
response for the longitudinal and transverse specimens were similar. For impacted specimens the 
Ei's fall within the range shown by the error bars for the undamaged materials. The impact event 
does not appear to have caused considerable fiber-matrix debonding that would have otherwise 
resulted in a reduced elastic modulus. The presence of local matrix cracks would not be expected to 
change a global property like Ej. Similarly, the prior impact does not seem to influence the 0.2% 
offset yield stress (ay) as shown in Figure 9. During a few of the tests insufficient yielding 
occured and a y could not be determined. Table 3 displays the test conditions during which the 
insufficient yielding occurred. The bars of histogram in Figure 9 is labeled with the number of tests 
used to calculate the mean 0.2% offset yield stress. The lower failure strain for the impacted 
specimens can be attributed to a local effect of the impact damage on the fracture behavior of the 
material. As shown in Figure 10 and 1 1, the mean ultimate strength (au) and the mean failure strain 
(ef) are reduced for the impacted specimens. The premature failures are due to the local effect of the 
impact damage, not simply a net section effect. The damage increases the fiber stresses locally, 
causing fibers to begin to fail at lower applied (global) stresses. This results in a reduction in the 
global (applied) ultimate stress. The reduction in £f (measured globally) is also attributed to local 
stress increase in the fibers. Both the longitudinal and transverse specimens tested at the 8.4 J 
impact energy showed a greater decrease in au and Ef than those tested at 5.4 J. These specimens 
also suffered the most severe damage, fiber breaks and matrix cracks. The tension test results for 
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the longitudinal and transverse specimens were very similar; the variation in the stacking sequence 
did not seem to influence the tensile response of the TMC's examined. 

Since residual properties are a concern of this study, the mean ultimate strength for the 
impacted materials was normalized with respect to the mean ultimate strength for the undamaged 
materials. This will result in a relative measure of the material's damage tolerance. Figure 12 
shows the normalized residual strengths as a function of impact energy for both specimen 
orientations. The results show that low energy impacts, where little damage is incurred by the 
composite, did not greatly effect the strength of the material. In particular, when only matrix 
cracking occurred, the residual strength was within the statisical variation of the undamaged 
materi al strengths. The mean residual strength for a 5.4 J impact is 95% of the mean ultimate for 
undamaged materials. As as the amount of fiber damage increased, the retention of composite strength 
d ecre ased. For the 8.4 J impact, the residual strength is effectively reduced on average by 20%. 

Baseline Fatigue Study— Constant amplitude fatigue tests were conducted on undamaged 
specimens to establish a baseline for assessing the residual life of impact damaged materials. Both 
longitudinal and transverse specimens were tested to determine if the laminate layup affected the 
fatigue life of the materials. Figure 13 displays the results of the baseline tests. Each data point 
represents one specimen. A run out criterion of 10 6 cycles was used to set an endurance limit for 
the material and is indicated by the arrows shown in the figure. Both specimen orientations 
showed similar fatigue lives at the applied stress levels tested with the transverse specimens 
typi call y having a longer life. In terms of overall fatigue life, little effect of laminate layup is 
shown. 

A longtiudinal specimen tested at 310 MPa and a transverse specimen tested at 276 MPa 
failed at much lower fatigue lives than the other tests. Both of these specimens were from the 
thinner panels (1.7 mm). X-rays showed non-uniform fiber distributions and a considerable 
amount of fiber swim in comparison to the other panels tested. Figure 1 showed a typical cross 
section of the material from which the transverse specimen was machined. As discussed 
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previously, the fiber spacing varied greatly through the thickness of this material. Stress 
concentrations due to the higher fiber density may have increased matrix cracking and produced a 
higher net section stress, increasing strain accumulation leading to composite failure. Although the 
thinner composites had similar strengths to other composites in tension, the local effect of fiber 
spacing would be more significant in fatigue where crack propagation is greatly influenced by local 
stress fields in the material. 

Residual Fatigue Life — The results of the fatigue tests on impacted specimens are shown in 
Figure 14 along with the baseline fatigue results for two applied stresses. There is considerable 
variation in the residual fatigue lives of the impacted specimens. For the longitudinal specimens 
tested at 345 MPa, the trend is as expected-the higher the impact energy, the more initial damage 
and the shorter residual fatigue life. However, the longitudinal specimen impacted at 5.4 J did not 
have any fiber breaks. The specimen did have substantial fiber swim, particularly in the 0° surface 
plies. Since no fiber breaks occurred, a fatigue life similar to an undamaged specimen would be 
expected (for the same test conditions). As the results show, the fatigue life was much lower than 
the undamaged composite. The specimen also failed outside of the impacted region. X-rays show 
a large gap separating 0° fibers where only matrix is found. By examining the fracture surface, it 
was determined that in this area where only the matrix exists, there should be approximately 15 
fibers. The fiber gap essentially reduces the total number of 0° fibers in the composite by 
approximately 5 %. Since the 0° fibers are the dominant load carrying component in the composite, 
reducing their number may have contributed to the reduced fatigue life. The 0° fibers also bridge 
fatigue cracks occuring in the composite resulting in slower fatigue crack growth [3-5]. Similarly, 
the undamaged specimen tested at 414 MPa had a shorter life than the impacted specimens. Again 
x-rays show substantial fiber swim and several fisheyes occuring along the length of the specimen. 
When comparing the results for the specimens impacted at 8.4 J little difference is shown for the 
two applied stress levels. The specimen tested at 345 MPa had a longer transverse crack length 
and may have suffered more internal damage initially, causing a reduction in fatigue life. The 
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am ount of impact damage from the 8.4 J tests varied a great deal, so it would be expected that the 
residual fatigues lives would also vary considerably. 

Little difference is shown in the fatigue results at 345 MPa between the undamaged 
transverse specimen and the one impacted at 5.4 J where no fiber breaks occurred. The longer life 
may be typical of the statistical variation of this material's properties. The 8.4 J impact had a very 
short life in comparison, but may be due to a finite width effect The specimen had a large 
transverse crack with respect to its width and did not give a true indication of the material's damage 
tolerance due to the greatly reduced cross section. The results for the 414 MPa tests showed the 
expected trend, as discussed previously. The 5.4 J impacted specimen had a similar life to the 
undamaged specimen. No fiber breaks occurred in this specimen. The 8.4 J impact specimen had 
a small transverse crack and as shown, its residual fatigue life was reduced. 

The variation in the fatigue lives and the location of failures with respect to manufacturing 
anomolies, seems to indicate variations in mechanical properties are dependent on the quality of the 
laminate. These defects are more damaging to the composite than low energy impacts. Although 
there is considerable variation in the test results, the general trend of reduced life with an increasing 
amount of initial damage has been shown. Figure 15 shows the initial crack lengths (longitudinal 
and transverse) measured on x-rays compared to the fatigue life for each specimen tested. The 
solid vertical lines represent the average fatigue lives for the two applied stresses shown. The 
longitudinal crack length doesn't appear to influence fatigue life; however, as the initital transverse 
crack length gets longer, the residual fatigue life decreases. 

Fracto graph v — Fracture surfaces of the specimens from the baseline constant amplitude 
fatigue (CAF) tests and the residual fatigue tests were examined using a scanning electron 
microscope (SEM). Micrographs of a non-impacted specimen subjected to CAF at 345 MPa is 
shown in Figure 16. A step-like fracture surface occurs (Figure 16a), typical of this type of TMC 
[15], indicating fatigue crack initiation at multiple sites within the material. Fatigue crack growth is 
controlled by crack initiation at debonded fiber/matrix interfaces on off-axis plies. Figure 16b 
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shows multiple initiation sites occurring along a 45° fiber. Final fracture occurs via ductile rupture 
as indicated by the equiaxed dimples shown in the matrix of the 0° ply adjacent to this 45° ply. 

This type of fracture behavior has been identified in other angle ply TMC’s [15]. None of the 
specimens tested that were previously subjected to the nominal 5.4 J impact showed any initial 
fiber breakage in x-rays. Of these specimens, three did not fail in the impacted area. The fracture 
surfaces of those specimens were no different from those that were not impacted. As discussed 
earlier, they did fracture along areas where fiber swim can be seen on the outside surface of the 
specimen. 

Figure 17 shows a longitudinal specimen impacted at the nominal 8.4 J energy. The 
fracture surface was tilted to show the longitudinal matrix crack running in the 0° ply. The initial 
transverse crack that appears on x-rays traverses the entire thickness of the specimen, as pointed 
out in Figure 17a, breaking the off axis fibers, but running around the 0° fibers, causing 
debonding. Figure 17b is a magnified view of the cross section showing the crack running around 
the 0° fiber and propogating into the 45° ply. Note that the 0° fiber is broken in a different plane 
than the matrix, indicating fiber pullout during final fracture. The matrix around the 0° fiber also 
shows ductile rupture. Away from the damage area, the fracture surface is similar to the 
undamaged material. In reviewing the residual fatigue results, the presence of transverse cracks in 
the TMC’s do not appear to alter the mechanism of crack growth, but provide a larger initial 
damage area for crack propogation. The initial crack adds to the numerous small fatigue cracks 
growing from debonded fibers to accumulate sufficient strain to fail the composite. 

CONCLUSIONS 

The impact damage resistance of [Q/±45/90]s SCS-6/Timetal®21S composites was evaluated 
experimentally using both quasi-static indentation and drop-weight impact tests. Longitudinal and 
transverse specimens were tested to examine the effect of stacking sequence. Results showed that 
the quasi-isotropic TMC's were able to resist impact damage when subjected to a contact force of 
4.5 kN corresponding to impact energies of 6.3 J and 5.0 J for the longitudinal and transvese 
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specimen orientations, respectively. The difference in the impact energy associated with the onset 
of damage is due to the greater plate bending stiffness for the transverse specimen orientation. The 
extent of the damage incurred by the TMC's was evaluated non-destruetively through x-ray 
inspection. At higher impact energies fibers were broken and residual properties were affected. 
Both the residual tensile strength and residual fatigue life as a function of impact energy were 
evaluated. The composites were able to withstand 5.4 J impacts without a substantial loss of 
tensile strength or fatigue crack growth resistance. At higher impact energies, the initial impact 
damage affects these properties more greatly. Results showed that matrix cracking alone is not 
sufficient to reduce tensile strength or fatigue life. Only when fibers are broken are the TMC's 
tensile strengths and failure strains reduced. The initial elastic modulus and 0.2% offset yield 
stress are not affected by the impact damage. The TMC's impacted nominally at 5.4 J had a 
residual tensile strength of 95% of the undamaged strength whereas the those impacted at 8.4 J had 
80% of the non-impacted strength. The variation in fatigue life and the location of failure with 
respect to manufacturing anomolies, seems to indicate variations in mechanical properties are 
dependent on the quality of the laminate; the defects are more damaging than the low energy 
impacts. Although there is considerable variation in the test results, the general trend of reduced 
life with an increasing amount of initial damage has been shown. The presence of initial 
longitudinal cracks doesn't appear to influence fatigue life; however, as the initital transverse crack 
length gets longer, the residual fatigue life decreases. From examination of the fracture surfaces, 
the presence of transverse cracks in the TMC’s appears not to alter the mechanism of crack growth, 
but provides a larger initial damage area for crack propogation. The initial crack adds to the 
numerous small fatigue cracks growing from debonded fibers to accumulate sufficient strain to fail 
the composite. 
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Table 1-Residual property test matrix. 


Specimen 

ID 

Nominal Impact Energy, 
Joules 

Residual Property 
Test Method 

91L01D 

5.4 

tension 

99L01D 

5.4 

tension 

90L04D 

8.4 

tension 

92L01D 

8.4 

tension 

118L01D 

8.4 

tension 

95T03D 

5.4 

tension 

96T01D 

5.4 

tension 

48T01D 

8.4 

tension 

99L03D 

5.4 

345 MPa CAF a 

92L03D 

5.4 

414MPaCAF 

90L05D 

8.4 

345 MPa CAF 

92L05D 

8.4 

414 MPa CAF 

95T04D 

5.4 

345 MPa CAF 

98T02D 

5.4 

414 MPa CAF 

93T04D b 

8.4 

345 MPa CAF 

95T02D 

8.4 

414 MPa CAF 


a Constant Amplitude Fatigue 
b 12.7 mm wide specimen 
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a not available 
b 12.7 mm wide specimen 



Table 3-Residual tension results. 
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(a) Typical cross section representing 1.80-1.88 mm thick specimens 
















v%h . iit- 




(b) Typical cross section representing 1.70 mm thick specimens 


Optical micrographs of [Q/±45/90]s SCS-6/Timetal®21S laminates; a) typical cross 
section representing specimens having thickness ranging from 1.80 to 1.87 mm and 
b) typical cross section representing specimens of 1.70 mm thickness. 
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Figure 2. Variations in manufacturing quality of [0/±45/90] s SCS-6/Timetal®21S composites; a) photograph of an impact panel 
showing surface roughness and fiber swim; b) radiograph of an impact panel showing fisheyes and fiber swim. 
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Figure 3. Comparison of the response of longitudinal [0/±45/90] s SCS-6/Timetal®21S to quasi-static indentation (QSI) tests and 
drop- weight impact (DWI) tests. 
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Figure 4. Comparison of the response of transverse [90/±45/0] s SCS-6/Timetal®2 IS to quasi-static indentation (QSI) tests and 
drop- weight impact (DWI) tests. 
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Figure 5. Comparison of the response of longitudinal and transverse [0/±45/90]s SCS-6/Timetal®21S to quasi-static indentation (QSI) 
tests to a nominal 8.4 J impact. 
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specimens of [0/±45/90] s SCS-6/Timetal®21S. 
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describes the nominal impact energy. 
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describes the nominal impact energy. 




Non-Impact ed 

5.4 J Impact 

8.4 J Impact 
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legend describes the nominal impact energy. 
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describes the nominal impact energy. 
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Figure 11. Mean failure strain from tension tests of non-impacted and impacted [0/±45/90]s SCS-6/Timetal®21S. The legend describes 
the nominal impact energy. 
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Figure 12. Average residual tensile strength of impacted [0/±45/90] s SCS-6/Timetal®21S. The legend describes the specimen 
orientation with respect to the 0° fiber direction. 
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Figure 13. Applied stress versus number of cycles to failure for [0/±45/90]s SCS-6/Timetal®21S at room temperature. The legend 
describes the orientation of the specimen with regard to the 0° fiber direction. 
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Figure 14. Comparison of fatigues lives of non-impacted and impacted [0/±45/90] s SCS-6/Timetal®21S subjected to constant amplitude 
fatigue at two applied stress levels: a) 345 MPa and b) 414 MPa. The legends describe the nominal impact energy. 
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Figure 15. Longitudinal and transverse crack lengths versus number of cycles to failure for impacted [0/±45/90] s SCS-6/Timetal®21S. 
Solid lines represent average fatigue lives for non-impacted specimens at given applied stresses. The legend describes the 
specimen orientation with respect to the 0° fiber direction. 




(a) Step-like fracture surface 



(b) Multiple fatigue crack initiation sites 


Figure 16. Fracture surface of a non-impacted [0/±45/90] s SCS-6/Timetal®21S subjected to 

constant amplitude fatigue at room temperature; a) step-like fracture surface showing 
fatigue crack initiation on multiple planes; b) higher magnification of a region between 
a 0° and 45° ply showing multiple fatigue crack initiation sites along the 45 ° fiber and 
ductile rupture in the matrix around the 0° fiber. 
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(a) Fracture surface of the impacted region 



(b) Through-thickness crack 


Figure 17. Fracture surface of a [0/±45/90] s SCS-6/Timetal®21S subjected to a nominal 8.4 J. 
impact and constant amplitude fatigue at room temperature; a) impacted region 
showing longitudinal crack on outside surface and through-thickness crack; b) 
magnification of the through thickness crack. 


36 




REPORT DOCUMENTATION PAGE 


Pubftc caportjna burden tor ttt cohesion of Wormalion is estimated to average 1 hour per response, including toe Arne for reviaeingh 
mantarxng tie data nee d ed , and corrptebna and rwieWng the collection of rtormabon. Send oorrmerts regarding the burden estin 
Including euagestone far tedudng the burden, to Washington He a dq uarters Services, Oeciorale tor Information Operations and Rap 
VA 222D2-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 


Form Approved 
OMB No. 0704-0188 


1. AGENCY USE ONLY (Leave bUnk) 


4. TITLE AND SUBTITLE 


2. REPORT DATE 

May 1995 


3. REPORT TYPE AND DATES COVERED 

Technical Memorandum 


5. FUNDING NUMBERS 


Impact Damage Resistance and Residual Property Assessment of 
[0/+45/90JS SCS-6/Timetal 21 S 


WU 505-63-50-04 


6. AUTHORS) 

Jennifer L. Miller, Marc A. Portanova, and W. Steven Johnson 


7. PERFORMING ORGANIZATION NAME<S) AND ADDRESSES) 

NASA Langley Research Center 
Hampton, VA 23681-0001 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


0. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESSES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 


NASA TM-1 10178 


11. SUPPLEMENTARY NOTES 

Miller Langley Research Center, Hampton, VA; Portanova: Lockheed Martin Corporation, Hampton, 
VA.; Johnson; Georgia Institute of Technology, Atlanta, GA 


12a. DISTRIBUTION / AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Category 24 


13. ABSTRACT (Maximum 200 words) 

The impact damage resistance and residual mechanical properties of JQ/±45/90)s SCS-6/Timetal 21S composites were evaluated. Both quasi-static 
indentation and drop-weight impact tests were used to investigate the impact behavior at two nominal energy levels (5.5 and 8.4 J) and determine the 
onset of internal damage. Through x-ray inspection, the extent of internal damage was characterized non-destiuctively. The composite strength and 
constant amplitude fatigue response were evaluated to assess the effects of the sustained damage. Scanning electron microscopy was used to 
characterize internal damage from impact in comparison to damage that occurs during mechanical loading alone. The effect of stacking sequence 
was examined by using specimens with the long dimension of the specimen both parallel (longitudnal) and perpendkaiar (transverse) to the 0* fiber 
direction. Damage in the form of longitudinal and transverse cracking occurred in al longitudinal specimens tested at energies greater than 6.3 J. 
Simitar results occurred in the transverse specimens tested above 5.4 J. Initial load drop, characteristic of the onset of damage, occurred on 



average at 63 J in longitudinal specimens and at 5.0 J in transverse specimens. X-ray analysis showed broken fibers in the impacted region in 
specimens tested at the higher impact energies. Al low impact energies, visible matnx cracking may occur, but broken fibers may not Matnx 
cracking was noted along fiber swims and it appeared to depend on the surface quality of composite. At low impact energies, little damage has been 
incurred by the composite and the residual strength and residual life is not greatly reduced as compared to an undamaged composite. At higher 
impact energies, more damage occurred and a greater effect of the impact damage was observed. 


14. SUBJECT TERMS 


Metal matrix composites; Impact; Damage; Residual strength; Residual fatigue 


15. NUMBER OF PAGES 


16. PRICE CODE 

A03 


17. SECURITY CLASSIFICATION 1 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT 
OF REPORT OF THIS PAGE OF ABSTRACT 

Unclassified Unclassified 


NSN 75400 1 -280-5500 


Standard Form 298 (Rav. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 



















